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Synopsis 
A significant inhibitory effect of the cuticle on the permanent wave set of human hair was confirmed by 
measuring the set of fiber loops for both alescaled (cuticle-removed) and normal (cuticle-unremoved) hairs. 
The analysis of fiber set, based on the theory established in a previous investigation (7), showed that the set 
obtained for both types of hair is in the same way related to the relaxation of fiber bending stiffness during 
reduction. The consideration of the differences between the bending relaxation rate of normal and alescaled 
hairs during reduction suggests that the main role of the cuticle in waving is to reduce the setting ability 
of human hair by effectively operating as a chemical barrier. It lowers the concentration of the reducing 
agent through reaction prior to its diffusion into the fiber cortex. A further, minor, and mechanical role of 
the cuticle for permanent set is discussed. 
INTRODUCTION 
The morphological components constituting human hair are generally believed to con- 
tribute in different ways, depending on their chemical and physical properties, to the 
mechanisms of cosmetic processes, namely to permanent waving, which is the objective 
of our investigation. 
In the case of permanent set, the importance of the hair fiber corex has been emphasized 
on the basis of its dominance of the overall fiber mechanical properties (1--4), which in 
water mainly reside in the helical fraction of the intermediate filaments. However, little 
is known about the mechanical properties of the cuticle (5,6) and even less about its role 
in permanent waving. 
In a previous study by the authors (7) it was shown that the permanent wave set of 
human hair in bending, simulating permanent waving, is quantitatively determined by 
the bending stiffness of the hair fiber and its change with reduction, thus providing a 
tool to study the physical and chemical mechanisms of permanent wave set in detail. 
In the present study the approach is further extended to the comparative analysis of the 
permanent bending set of descaled (cuticle-removed) and normal (cuticle-unremoved) 
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human hair fibers from which the influence of the cuticle on the permanent wave set is 
deduced. 
METHODS 
Descaled fibers were prepared by abrading the cuticle layers from a hair using fine grade 
emery paper. The principle of this method is based on the procedures described by 
Chamberlain (8) and Snaith (9). 
An electrical aboratory motor was fixed to a burette stand by a clamp with the motor 
shaft down. A single hair fiber of approximately 20-cm length was connected to the head 
of the motor shaft through an adapter. A weight of 500 mg was suspended from the free 
end of the fiber, which was rotated at a speed of approximately 200 rev/min. A small 
piece of fine emery paper was bent, carefully contacted with the rotating hair fiber, and 
by exerting a small normal force slowly moved up and down along the fiber. The 
progress of the cuticle removal was checked iscontinuously and continued until the 
anisotropic friction of the fiber, detected by rubbing the fiber between thumb and index 
finger, was removed. The electron microscopic examination of the surface of the treated 
fibers showed for fibers that had passed this check that the cuticle had largely been 
removed without any significant damage to the cortex. 
All experiments were carried out on chemically untreated Japanese hair taken from the 
head of one of the authors (N.K.) just prior to the experiments. Virtually straight, 
normal, and descaled hairs, whose tips were clipped off for 2 cm, were rinsed in 
methylene chloride and then in distilled water. After drying in air, the hairs were cut 
into halves, each of which was subjected to one of two tests, either for the determination 
of fiber bending set or for the measurement of bending stiffness. 
To determine bending set, a hair fiber was wound around a PVC cylinder (12 mm 
diameter), keeping the fiber perpendicular to the cylinder axis and finally fixing both 
ends with small drops of nail polish. The cylinder was then suspended in a beaker and 
treated in sequence with the following reagents at room temperature: 
1. Distilled water for 30 min 
2. Reduction by thioglycolic acid for 20 min 
3. Rinse in distilled water for 20 min 
4. Reoxidation by 2.3% hydrogen peroxide for 20 min 
5. Rinse in distilled water for 20 min 
The concentrations of thioglycolic acid (TGA) used in Step 2 were varied from 0.1 to 
0.8 M. The initial pH of the TGA solution was adjusted to 9.0 by an appropriate 
amount of 25 % ammonia solution. 
After the final rinse (Step 5), the fiber loops were cut and dropped into distilled water, 
followed by the immediate measurement of their diameters. The set acquired by the 
fiber loops is given by (3,7): 
S e = dc/d• (1) 
where S e is the experimental loop set, d c the cylinder diameter, and d• the mean diameter 
of the circles defined by the partially opened fiber loops. 
The bending stiffness of a hair fiber was measured by the balanced 
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described by Scott and Robbins (10). This method essentially consists of measuring the 
distance between the ends of a single fiber bent over a thin hook under appropriate loads 
attached to the fiber ends. The procedure for the measurements i described in detail in 
reference 7. 
After equilibration in distilled water for 20 min in the undeformed state, the fiber was 
draped over the hook of the bending device and placed in a beaker filled with distilled 
water. The change of the distance between the fiber ends with time was followed during 
the above-described treatment sequence. The exchange of the treatment agents was 
carried out by sucking off the solution in the beaker in parallel with an inflow of new 
treatment solution (7). 
THEORY AND RESULTS 
On the basis of Denby's equation (11) for the interrelation of bending stiffness and a 
cohesive set of wool fibers, an analogous description was developed for permanent set (7): 
S c= 1 - Bre/Bro (2) 
where the calculated set is given by the ratio of the residual stiffness of the fiber after the 
treatment sequence, Bre, and the inherent stiffness, Bro , that is restored to the fiber 
through reoxidation. 
Since Bro is not determined in the balanced fiber test, a coefficient of restoration, C, is 
defined (7) that relates the stiffness of the reoxidized fiber to the initial stiffness B o of 
the untreated fiber, so that: 
S c --- 1 - Bre/(C B o) (3) 
Bre was obtained by determining the bending stiffness remaining at the end of the final 
rinsing process, and B o was estimated graphically by extrapolating the curve for the 
bending relaxation in water (Step 1) to t = 0 (see Figure 3). 
Rewriting equation 3 as: 
and accepting the equality (7): 
Bre/B o = C (1 -S c) (4) 
allows us to determine C by fitting a linear regression through the origin to pairs of 
experimentally obtained ata for Bre/B oand 1 - S e for the paired halves of normal and 
descaled fibers, where C is the slope of the related regression line. Pairs of data with low 
values of Br/B o, and hence large values of set, were omitted, since in the balanced fiber 
test for these cases bending strains are imposed that are beyond 1%, which is the limit 
of linear viscoelasticity for wool and most likely also for hair fibers (12,13). 
The values of C thus obtained are summarized in Table I, together with their 95% 
confidence limits and with the coefficients of determination r 2 of the regression. The 
values of C are comparable for normal and descaled hairs and in good agreement with 
previous results on normal hairs for various treatment conditions (7). They show that on 
reoxidation (Step 4) the bending stiffness, which is drastically lowered during reduction, 
is restored within about 5 % of its original value. 
S c = S e (5) 
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Table I 
Coefficient of Restoration, C, of the Bending Stiffness, Its 95% Confidence Limits, and Coefficient of 
Determination for the Regression Through the Origin for Normal and Descaled Fibers 
Coefficient of restoration Coefficient of determination 
Type of hair (C) (r 2) 
Normal 0.94 -+ 0.11 0.959 
Descaled 0.98 -+ 0.09 0.987 
Figure 1 summarizes the results for calculated and experimental set, S c vs S e, for both 
normal and descaled hairs for the whole range of TGA concentrations, applying equation 
3 and the values of C given in Table I. All data are well described by a straight line with 
a slope of unity, validating equation 5. The regression line even extends to those data 
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Figure 1. Calculated vs experimental set, S' vs S e, applying the values for C for normal (O) and descaled 
(O) hair given in Table I. Further data points for normal ([•) and descaled hair (I) relate to experiments 
where bending strains beyond 1% were realized (see text). 
THE CUTICLE AND PERMANENT WAVE SET 153 
at high set, marked as squares, that due to the higher setting strains were not included 
in the analysis. The comparison of experimental and calculated set shows no differences 
between normal and alescaled hairs and thus excludes any specific influence of the cuticle 
with respect o the principles underlying equations 3 and 5. 
The coefficient of determination, r 2 (see Table I), shows a slightly lower value for normal 
hair (0.959) compared to descaled hair (0.987), implying that the cuticle contributes to 
an increase of the scatter of the experimental data around the regression line, as is 
observable in Figure 1. This might be taken as an indication for a high variability of the 
properties of the cuticle surface, depending on its history, related, for instance, to 
frequency of shampooing, combing, exposure to sunlight, etc. 
FURTHER RESULTS AND DISCUSSION 
Figure 2 shows the results for fiber set obtained by the loop test for both normal and 
descaled hairs vs the concentration of TGA at pH 9.0. The fiber set for normal hair 
shows amoderate, linear increase at low concentrations and a pronounced iscontinuity 
around 0.5 M TGA, approaching 90% set beyond 0.6 M TGA. The fiber set obtained 
for descaled hairs also initially increases linearly with the TGA concentration, though 
with an approximately three times higher slope. The discontinuity at 0.5 M is less 
pronounced for these fibers since both types of fibers approach a common upper limit of 
set. The systematically lower set in normal hair for low-to-medium concentrations of 
TGA demonstrates that the cuticle in that range significantly reduces the permanent 
wave set of human hair. 
The limiting set of 90% indicates that there is a contribution to the bending stiffness 
of about 10% that is unaffected by the reduction. This value is in satisfactory agreement 
with the limiting moduli found for extensional relaxation via disulfide interchange at 
high strains (14,15) and under reductive conditions (16). 
Figure 3 shows typical examples for the time course of the relaxation of the relative 
bending stiffness of normal and alescaled hairs for two different setting concentrations 
(0.3 M and 0.6 M TGA). In all cases the stiffness decreases during reduction and 
remains essentially constant at Bre/B o through subsequent treatments. 
In the lower concentration range, below 0.5 M TGA, the final bending stiffness of the 
normal hair after the reducing treatment is always higher than that of the descaled hair, 
as illustrated by the relaxation curve obtained for 0.3 M TGA (see Figure 3). In 
consequence ofequation 3, a lower fiber set is obtained for normal compared to descaled 
hair (see Figure 2). In the higher concentration range above 0.6 M TGA, very similar, 
small values for Bre/B o are obtained for both types of hair during 20-min reduction (see 
Figure 3) leading to the similar large-fiber sets. 
It should be noted, however, that the bending stiffness of normal hair always decreases 
at a lower rate than that of the descaled hair (see Figure 3). This suggests that the setting 
ability of normal hair is either generally lower in low concentrations or delayed to an 
extent that an effectively higher fraction of the initial bending stiffness is preserved. The 
dominant role of the delayed action of the reducing agent is obvious for 0.6 M TGA 
where already after 20-min reduction similar low values for B•e/B o are obtained for both 
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Figure 2. Results for experimental fiber bending set in the loop test, S e, for normal (O) and descaled (O) 
fibers vs concentration of thioglycolic acid (TGA) at pH 9.0. 
types of hair, while, for instance, after 10 min still large differences are observed that 
would lead to distinctly different setting results. 
As judged from Figure 3, the stiffness of both types of fibers decreases approximately 
linear during the initial stage of the reducing treatment. This permits one to determine 
the relaxation rate, RR, of the fiber stiffness as the slope of the initial linear part of the 
decay curve as: 
RR = d(B/Bo)/dt , [min- •] (6) 
In Figure 4, the relaxation rates are plotted as a function of TGA concentration. The 
curves show that the rates for both types of hair show fairly similar concentration 
dependences over the whole concentration range, though the values obtained for normal 
hair are always lower than those of descaled hair. The observed similarity of the curve 
shapes trongly suggests that the decrease of the fiber stiffness is for both types of hair 
induced by the same mechanism, without any major influence of the cuticle. 
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Figure 3. The change of the relative bending stiffness during the five steps of the treatment sequence for 
normal hairs at 0.3 M (C)) and 0.6 M TGA ([•), and for descaled hairs under the same conditions (O, I). 
The relaxation rates show an intensive stepwise change between 0.5 M and 0.6 M TGA. 
Weigmann et al. (17) investigated the disulfide interchange-related relaxation of wool 
fibers and found an acceleration of the process with increasing degree of reduction and 
with temperature. In view of the assumption inherent to our theory, that the change of 
bending stiffness is due to the fission of disulfide bonds, the stepwise change in the 
relaxation rate can be interpreted as marking the TGA concentration where the transi- 
tion temperature for the disulfide interchange is lowered to the temperature of mea- 
surement (room temperature) and below. The results in Figure 4 indicate that the 
related concentration is higher for normal, compared to descaled, hair. 
The nature of the influence of the cuticle on the relaxation of the bending stiffness and 
hence on the set of the fiber may be estimated from the differences between the decay 
rates in both fiber types as given in Figure 5. A peak appearing at 0.55 M TGA indicates 
that the relaxation rates obtained for normal hair are systematically shifted to higher 
concentrations compared to those of the descaled fibers. This would suggest hat a 
higher liquor concentration of TGA is required to reduce the cortex of normal hair in 
comparison with descaled fibers. From the half width of this peak, the amount of TGA 
in excess required to affect equal bending stiffness relaxation rates is roughly estimated 
to be 0.05 M. Since the only difference between both types of hair is the presence of the 
cuticle, the excess of TGA (0.05 M) can be assumed to be already reacting in the cuticle, 
and thus not reaching the cortex. The cuticle is hence effectively operative as a chemical 
barrier for TGA, as suggested by Wolfram et al. (5). Since the fibers are treated at an 
infinite liquor ratio, this effect will wear off with time, leading to the obvious time 
dependence of the set to be expected for 0.6 M TGA (see Figure 3). 
Consequently, the data points for the descaled hair (see Figure 4) were shifted by 0.05 
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Figure 4. Relaxation rate, RR, vs concentration of TGA for normal (C)) and descaled (O) hairs. The 95% 
confidence limits for the values are indicated. 
M TGA to higher concentrations a d the differences between the curves again calculated 
and plotted as a broken line in Figure 5. The disappearance of the peak confirms that 
the effect of the cuticle as a chemical barrier is largely cancelled by a 0.05 M TGA 
concentration shift. 
However, as shown by the broken line, a significant contribution still remains after this 
correction, increasing with TGA concentration. Although no direct evidence isas yet 
available, it may be speculated that the stiffness of the cuticle itself contributes to the 
fiber set through the following mechanism: in case the stiffness of the cuticle decays 
more slowly than that of the cortex due to the high cystine content of the exocuticle, the 
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Figure 5. Differences between the relaxation rates, ARR, for alescaled and normal fibers ( ), and the 
differences calculated after shifting the curve for the alescaled fibers in Figure 4 by 0.05 M TGA to higher 
concentrations (---). 
relaxation rate averaged over both cuticle and cortex (normal hair) would become lower 
than that of the cortex alone (descaled fiber), yielding a lower set for the normal hair. 
The mechanisms by which the cuticle affects a decrease of the setting ability of normal 
hair can be expected to intensify with an increase of the volume fraction of cuticle. Since 
the number of scale layers is largely invariate with fiber diameter (5), thinner hair, with 
a consequently arger cuticle/cortex ratio, can be expected to be more difficult to wave 
than thicker fibers, which is in agreement with experimental observations reviewed by 
Gershon et al. (18). 
CONCLUDING REMARK 
The reactions of the cuticle as well as of the cortex with the reducing agent set up a 
complex, morphology-controlled diffusion/reaction system the performance ofwhich, by 
changing the bending stiffness of hair, in the end determines the practically relevant 
results of a permwave treatment. From a scientific as well as practical point of view, this 
system requires further investigation. 
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